A comprehensive study on the small-signal intensity modulation (IM) characteristics of a fiber grating Fabry-Perot (FGFP) laser is numerically investigated. The effect of external optical feedback (OFB), temperature, injection current, cavity volume, nonlinear gain compression factor, and fiber grating (FG) parameters on IM characteristics are presented. The temperature dependence (TD) of IM is calculated according to the TD of laser cavity parameters instead of using the well-known Parkove relationship. It has been shown that the optimum external fiber length (L ext ) is 3.1 cm. The optimum range of working temperature for FGFP laser is between 23 to 27 C. We also show that by increasing the laser injection current from 10 to 60 mA, the IM peak amplitude decreased from 6.3 to 0.2 dB and the relaxationoscillation frequency (ROF) is shifted from 1.2 GHz towards higher frequency of 5.48 GHz. In addition, the AR coating reflectivity and gain compression factor have no significant effect on the IM. The study indicates that a stable operation and excellent modulation characteristic can be obtained after optimization process.
Introduction
Semiconductor laser diodes (SLDs) have been widely used in wavelength division multiplexing (WDM) networks due to small size, low power consumption, fast response, etc. [1] [2] [3] With the development of dense (DWDM) systems, lasers with the narrow linewidth, the high side mode suppressed ratio (SMSR), and the fixed wavelength with stable dynamic single-mode operation are indispensable. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Thus far, in current WDM systems, distributed feedback (DFB) laser diodes have been commonly used as the light sources. For this laser, a temperature controller and a wavelength locking device are necessary to avoid optical cross-talks between the adjacent channels that caused by the wavelength drift, especially in DWDM systems. [4] [5] [6] [7] [8] 16, 17) This is because the DFB lasing wavelengths are unstable with temperature (e.g., 100 pm/K) and current (e.g., 10 pm/mA). [4] [5] [6] [7] [8] 16) This ultimately leads to a high-cost light source and makes it difficult to use the DFB laser especially in access networks since the high cost is a fatal problem for the access transmission application.
In recent year, amongst different SLDs, fiber grating Fabry-Perot (FGFP) laser is proposed as an alternative light source for WDM systems due to high wavelength stability. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In this laser, the lasing wavelength is determine only by the Bragg wavelength of the fiber grating (FG) and this Bragg wavelength has a small temperature dependence of about 10 pm/K, [4] [5] [6] 8, 16, 17, 21) which is about 1/10 of that of the conventional DFB laser and has no dependence on the injection current. [4] [5] [6] [7] [8] In addition, precise adjustment of the Bragg wavelength in FG can be easily achieved compared to the emission wavelength of commonly used DFB LDs. [22] [23] [24] [25] [26] As a result, FGFP laser can be used without a temperature controller and a wavelength locking device. Therefore, FGFP laser is promising as a light source of future DWDM systems.
However, operation and performance of the SLDs in such advanced applications are influenced by some intrinsic and external dynamic phenomena. It has been shown that the performances of SLDs are affected by external optical feedback (OFB) variations. [27] [28] [29] [30] [31] Depending on the level of OFB, the reflected light causes variations in the threshold gain, output power, and output spectrum. In addition, the gain spectrum, threshold current, and other cavity parameters of SLDs are significantly fluctuated due to the temperature variation. 4, [32] [33] [34] In this paper, a comprehensive analytical study of the intensity modulation (IM) characteristics for FGFP laser is presented for the first time to the best of our knowledge. The effect of OFB and temperature on IM spectra is investigated by considering their effect on threshold carrier density. In addition, the effect of injection current, nonlinear gain compression factor, cavity volume, grating reflectivity, and amplitude coupling coefficient on IM spectra is also presented.
Theoretical Analysis
The FGFP model consisting of three main sections is shown in Fig. 1(a) . The first section is the FP laser of length L d . It is assumed that the reflectivity of the chip front facet is zero (R o % 0), while the rear facet has a finite reflectivity R 1 .
The second section is a fiber of length L ext and the third is the FG with reflectivity R FBG . The round-trip time of photons inside the internal and the external cavity are d ¼ 2n d L d =c and e ¼ 2L ext n ext =c, respectively, with c ¼ 3 Â 10 10 cm/s is the velocity of light in vacuum, n d is the group refractive index, and n ext is the fiber refractive index. The configuration in Fig. 1 (a) may be conveniently analyzed as a simple twomirror laser structure [as shown in Fig. 1(b) ], by replacing the FP laser diode output facet reflectivity R o by a complexvalued effective reflection coefficient R eff as 35) 
where ! e , is the phase of the reflected light that travels through the external cavity and ! is the laser angular frequency. In eq. (1) 
where L FG is the grating length, Á is the wavelength detuning, k is the coupling strength, Q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
ð3Þ By considering the phase changes introduced by the optical filter into eq. (1), the R eff can be written as
The temperature dependence (TD) of threshold current in FGFP laser under the effect of OFB can be defined as 38) I th,OFB ðT Þ ¼ qV N th,OFB ðT Þ½A nr þ BN th,OFB ðT Þ þ CN 2 th,OFB ðT Þ; ð5Þ where q is the electronic charge, V is the active region volume, A nr and C describe the nonradiative recombination rate and Anger process, respectively, while B is the radiaitive recombination coefficient. The N th,OFB ðT Þ is the TD carrier density at threshold condition, which by modifying the wellknown carrier density expression, 38) it can be rewritten as
where N t ðT Þ, aðT Þ, and p,OFB ðT Þ are the TD of transparency carrier density, gain coefficient, and photon life time with considering OFB effect, respectively. The term À in eq. (6) denotes the confinement factor and v g ¼ c=n d is the group velocity. The TD of the model can be defined as 16) XðT
where X 0 is the initial value found at the reference temperature (T 0 ), which in this study it is considered at the room temperature (25 C). Since the OFB only affects on the photon lifetime presented in eq. (6), p,OFB ðT Þ can be modeled as
where tot,OFB is the total cavity loss that is given as
where int ðT Þ is the TD of internal cavity losses, 16) and m,OFB ¼ ð1=2L d Þ lnð1=R 1 R eff Þ is the mirror losses. Finally, we can express the TD of N th,OFB as Equation (10) gives general expression for threshold carrier density that is used to calculate the net stimulated emission rate in the active region. According to eq. (5), any increase in threshold carrier density, N th , leads to increase threshold current I th . Therefore, a high injection current is required to start lasing. However, as the injection current is increased, the laser output becomes unstable, thereby, drop the output power. These fluctuations generate a phase different in the emitted photons. Consequently, for coherent optical systems, a low N th is necessary to avoid high injection current operation.
IM Characteristics
By considering the effect of temperature and OFB described in the previous section, the IM characteristics of FGFP laser can be obtained by modifying the well-known coupled rate equations, 39) which describes the relation between the carrier number NðtÞ, photon number PðtÞ, and optical phase ðtÞ as
where IðtÞ is the injected current, c,OFB ¼ qV N th,OFB =I th,OFB is the carrier lifetime, g is the gain coefficient, " is the nonlinear gain compression factor, R sp,OFB represents the contribution of the spontaneous emission of the lasing mode, is the linewidth enhancement factor, G N ¼ v g Àa o =V is the gain derivative, and " N is the time-average carrier number. The rate equations shown in eqs. (11a)-(11c) can be used to study the effect of external optical feedback on performance of FGFP laser. For a small-signal modulation regime, the laser current is defined as 39) IðtÞ
where I o is the DC value of the current injected into the active region and I s ðtÞ is the amplitude of the modulation AC current component. For a small-signal modulation, the state variables can be written as their steady-state values plus modulation terms as
By substituting eqs. (12) and (13) 
Equation (14) shows that the modulation current causes the changes in carrier and photon populations inside the active region, which produce the optical phase effect. However, because of intrinsic laser resonance, the modulation response is frequency depended. Thus it is more convenient to convert the equations in the frequency domain. For this purpose, the magnitude of the IM is given by 39) IMð
By taking the Fourier transform of eq. (14), the IM frequency response becomes as
where R spN ¼ @R sp =@N, OFB ¼ ½G N ðI À I th,OFB Þ=q 1=2 is the relaxation oscillation frequency (ROF) and É is the decay rate of the relaxation oscillation defined as
Equation (16) represents a general form to study the influence of external optical feedback (OFB) and temperature in addition to the other model parameters on the IM spectra of FGFP laser.
Results and Discussion
In this study, the IM characteristics of a FGFP laser with uniform FBGs at 1550 nm wavelength is analyzed. The other parameters of the laser diode are shown in Table 1 . Figure 2 shows the relaxation-oscillation frequency (ROF) and peak IM response of FGFP laser as a function of injection current varies from 10 to 60 mA. By increasing the laser injection current from 10 to 60 mA, the IM peak amplitude decreased from 6.3 to 0.2 dB and at the same time, the ROF is shifted from 1.2 GHz towards higher frequency of 5.48 GHz, respectively, which causes to increase the maximum allowable modulation frequency for flat operation region. For comparison purpose, the IM response of FGFP laser is compared against DFB laser that reported by Quan and Hui 40) at 25 mA injection current. The result shows that FGFP laser provides more than 8 dB lower IM at the peak spectrum compared to DFB laser reported by Quan and Hui. 40) This comparison is made just to show the superiority of the FGFP laser compared to DFB.
The effect of environment temperature (T) variation on FGFP laser ROF and the peak IM response is shown in Fig. 3 . The effect of temperature is calculated according to the TD of the laser cavity parameters. Figure 3(a) shows the effect of temperature on the effective reflectivity (R eff ). As shown in this figure, the maximum R eff occurs at the reference temperature T 0 , which in this study is considered at the room temperature (25 C), which is consistent with eq. (7). In addition, by increasing the temperature from 15 to 23 C, the ROF is shifted from 2.76 GHz toward higher frequency until reaches maximum value of 4.9 GHz at 23 C. In contrast, by increasing temperature from 23 to 27 C, there is no significant change in the ROF value. The IM peak amplitude is oscillated and significantly reduced to 0.2 dB at 23 C. When the temperature is further increased from 23 to 27 C, the IM peak amplitude is not changing anymore. However, by further increment of temperature from 27 to 35 C, the ROF is shifted back towards the lower frequency of 1.9 GHz and the IM peak amplitude increased to 1.6 dB. This change is due to the behavior of the R eff against temperature as shown in Fig. 3(a) . ROF and IM depend strongly on the R eff as given in eqs. (5)- (17) . Thus, the results confirm that the laser should be operated at the temperature range of 23 to 27 C to provide the optimum performance. Figure 4 shows the effect of external OFB reflectivity (R ext ) on the ROF and the peak IM spectra at room temperature. As shown in the figure, the peak IM spectrum is reduced from 7.9 to 1.5 dB when the reflectivity is increased 
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Power reflectivity of FG from 10 to 100%. At strong reflectivity value, decay rate of the relaxation oscillation is increased, which damps the maximum value of the IM spectra. In addition, the ROF is increased from 3.6 to 4.9 GHz by increasing R ext from 10 to 100% value, which is due to the fluctuations reduction of the gain spectrum in the active region. Gain compression factor " is another important phenomenon for semiconductor lasers, especially for InGaAsP based systems which exhibits very high gain compression. Gain compression is caused by several mechanisms such as spatial hole burning, spectral hole burning and other nonlinearities. Peak IM spectra of FGFP laser as a function of gain compression factor " is given in Fig. 5 . It is observed that, the peak amplitude of IM response decreases approximately 4.8 dB when " is changed from 1 Â 10 À17 to 5 Â 10 À17 cm 3 . The reason for this reduction is due to the increasing of the damping of relaxation oscillation É as shown in Fig. 5 , which depends on " [eq. (17)]. As seen in figure although " affects the peak IM spectra, there is no effect on ROF.
The volume of the laser cavity has also critical impact on the system performance due to its strong effect on the total loss. The increase of active cavity volume leads to increase the threshold current as given in eq. (5), which cause to reduce the output power, thereby, makes the dynamic behavior worst. In this study, the effect of each cavity volume parameters (L d , d, and w) are examined on ROF and the peak IM spectra as shown in Fig. 6 . The results show that by every 1:6 Â 10 À10 cm 3 reduction in the cavity volume cause to reduce the IM spectrum peak by around 2 dB and shift the ROF towards higher frequency by around 1.8 GHz.
Many experimental and theoretical works have been carried out to study the FGFP laser characteristics, [4] [5] [6] 16) however; in all these studies the effect of external cavity length L ext (the distance from the back fact mirror of FP laser to beginning of grating in the fiber) on this laser has been disregarded. Figure 7 shows the ROF and peak IM spectra characteristics of FGFP laser as a function to the L ext . According to eq. (1), R eff is depends on cosð! e Þ, where e depends on L ext as e ¼ 2L ext n ext =c. Thus, any changes in the L ext will affect R eff based on the cosine function as shown in Fig. 7(a) . Any changes in L ext , R eff value will change within a fixed range with the minimum and maximum reflectivity of around 74 and 95%, respectively. The shortest external cavity length (L ext > 0) that provides the maximum R eff value is around 3.1 cm. Even though, 6.2, 9.3, and so on also produce maximum reflectivity value, the longer L ext caused to increase the delay ( e ). In terms of IM response, the higher R eff value provides the minimum IM spectra and high ROF, which in our case occurs at the L ext of around 3.1 cm that produced 1.6 dB minimum IM peak and peak ROF of 4.88 GHz. According to our results, the optimum value of L ext to produce low peak amplitude in IM spectra is 3.1 cm. In addition, it is observed that changes in L ext do not significantly affect the ROF, which varies between 4.83 and 4.88 GHz. Figure 8 shows the effect of amplitude coupling coefficient (C o ) on ROF and peak IM spectra. By increasing C o from 30 to 100%, the peak amplitude of IM spectra is reduced from 6.5 to 0.99 dB and ROF increased from 3.5 to 4.9 GHz due to the increment of optical power level.
The effect of antireflection coated reflectivity (R o ) on ROF and peak IM spectra characteristics is shown in Fig. 9 . We can see that the IM peak amplitude decreases approximately 0.6 dB when R o is changed from 1 to 10%. The reason for this reduction is due to the increasing of the decay rate of relaxation oscillation É by about 2 Â 10 9 s
as shown in Fig. 9 . However, the result shows that IM response of FGFP laser does not strongly depend on AR coating reflectivity. In addition, the ROF is not affected by the changing R o .
Conclusion
A comprehensive theoretical study on intensity modulation (IM) characteristics of a FGFP laser is successfully conducted. The results from this study demonstrate the superiority of FGFP laser over the conventional DFB laser. Therefore, it can be concluded that that this laser can be used as the economic alternative to DFB laser without compromising the performance. The issues highlighted in this paper are very important and can be used not only in design, but also in implementation stage. OPTICAL REVIEW Vol. 19, No. 2 (2012) 
